Table 7.1 Human tumor suppressor genes that have been cloned 



Name of 


Chromosomal 


Familial cancer 




Sporadic cancer 


Function of protei n 


gene 


location 


syndrome 








BWS/CDKN1C 


11p15.5 


Beckwith-Wiedemann 


— 


p 57 Ki P 2 CDK inhibitor 






syndrome 








SDHD 


11q23 


familial paraganglioma 


pheochromocytoma 


mitochondrial protein' 


RB 


13q14 


retinoblastoma, 
osteosarcoma 




retinoblastoma; sarcomas; bladder, 
breast, esophageal, and lung 
carcinomas 


transcriptional repression; 
control of E2Fs 


TSC2 


16p13 


tuberous sclerosis 






* i- *■_ • m. r w/^nf 

inhibitor of mTOR T 


CBP \ 


16p13.3 


Rubinstein-Taybi 




AML g 


TF co-activator 


cyld\ 


16q12-13 


cylindromatosis 






deubiquitinating enzyme 


CDHl\ 


16q22.1 


familial gastric carcinoma 


invasive cancers 


celi celi adhesion 


BHD \ 


17p11,2 


Birt-Hogg-Dube syndrome 


kidney carcinomas, hamartomas 


unknown 


TP53 \ 


17p13.1 


Li-Fraumeni syndrome 


many types 


TF 


NF1 \ 


17q11.2 


neurofibromatosis type 1 


colon carcinoma, astrocytoma 


Ras-GAP 


BECNw\ 


17q21.3 






breast, ovarian, prostate 


autophagy 


PRKARtA 


17.q22-24 


multiple endocrine neoplasia h 


multiple endocrine tumors 


subunit of PKA 


DPC4 X \\ 


1 8q21 .1 


juvenile polyposis 




pancreatic and colon carcinomas 


TGF-pTF 


LKBI/Stkll 


19p133 


Peutz-Jegher syndrome 


hamartomatous colonie polyps 


serine/threonine kinase 


RUNX1 \ 


21q22.12 


familial platelet disorder 


AML 


TF 


SNF5> \ 


22q1 1.2 


rhabdoid predisposition 


malignant rhabdoid tumors 


chromosome remodeling 






syndrome 








NF2 \\ 


22q12.2 


neurofibroma-position 


schwannoma, meningioma; 


cytoskeleton-membrane 






syndrome 




ependymoma 


linkage 



Table 7.1 Human tumor suppressor genes that have been cloned 



Name of Chromosomal Familial cancer Sporadic cancer Function of protein 

gene location syndrome 



RUNX3 


1p36 




gastric carcinoma 


TF co-factor 


HRPT2 


1q 25-32 


parathyroid tumors, 


parathyroid tumors 


chromatin protein 






jaw fibromas 






FH 


1q42.3 


familial leiomyomatosis a 




fumarate hydratase 


FHIT 


3p14.2 




many types 


diadenosine triphosphate 










hydrolase 


RASSF.1A 


3p21.3 




many types 


multiple functions 


TGFBR2 


3p2.2 


HNPCC 


colon, gastric, pancreatic carcinomas 


TGF-p receptor 


VHL *A 


3p25 


von Hippel-Lindau syndrome 


renai celi carcinoma 


ubiquitylation of HIF 


hCDCÌ\ 


4q32 




endometrial carcinoma 


ubiquitin ligase 


APC \\ 


5p21 


familial adenomatous 


colorectal, pancreatic, and stomach 


p-catenin degradation 






polyposis coli 


carcinomas; prostate carcinoma 




NKX3\1 \\ 


8p21 




prostate carcinoma 


homeoboxTF 


P 16 INI \ Ab \\ 


9p21 


familial melanoma 


many types 


CDK inhibitor 


p14 ARF \ \\ 


y 9p21 




ali types 


p53 stabilizer 


PTC \ \ 


\ 9q22.3 


nevoid basai celi 


medulloblastomas 


receptor for hedgehog GF 






carcinoma syndrome 






TSC1 \ 


\\9q34 


tuberous sclerosis 




inhibitor of mTOR f 


BMPR1 \ 


\Vl0q21-22 


juvenile polyposis 




BMP receptor 


PTEN d \ 


\\oq23.3 


Cowden's disease, breast and 


glioblastoma; prostate, breast, 


PIP 3 phosphatase 



WT1 
MENI 



b13 
1\lk>13 



gastrointestinal carcinomas 
Wilms tumor 
multiple endocrine 

neoplasia 



and thyroid carcinomas 
Wilms tumor 



TF 

histone modification, 
transcriptional repressor 



proline 
hydroxylase 0H 0H 



poly- 

recognition ubiquitylation 
and binding by 
pVHLandtwo 
other proteins 





pVHL 




degradation 
in proteasome 



HIF-1a HIF-10 




transcription 



imsmmgf 



VEGF gene 




HIF: Hypoxia-lnducible Factor 




Alta tensione di 0 2 



von Hippel-Lindau protein 




c ) 




HIF degradation 



Bassa tensione di (X 



Prolyl idrossilasi 
(0 2 e Fe2+-dipendente) 



pVHL mutata 




Activation of 
hypoxia-inducible 
genes 



EPO 
A VEGF 



Increase in 
oxygen 
supply 




S* c ' Met l Migration/ 
^% • CXCR4 | remodelling 





Enzimi glicolitici 
Trasporto gluc 

Eritropoietina 
Transf errino (Tr) 
Recettore per Tr 



Produzione ATP 
attraverso 
glicolisi 

Ferro/eritropoiesi 



ONCOSOPPRESSORI 



Figura 8-27. Lo schema 
illustra il ruolo delle 
rìdine, delle CDK e 
degli inibitori delle chi- 
nasi ciclina-dipendenti 
(CDKI) nella regolazio- 
ne del ciclo cellulare. La 
freccia sfumata identi- 
fica la fase del ciclo cel- 
lulare durante la quale 
sono attivi specifici 
complessi ciclina/CDK. 
Come riportato, i com- 
plessi ciclina D/CDK4, 
ciclina D/CDK6 e ciclina 
E/CDK2 regolano la 
transizione G1^ S 
fosforilando la protei- 
na del retinoblastoma 
(pRb). I complessi cicli- 
na A/CDK2 e ciclina 
A/CDK1 sono attivi 
nella fase S. Il comples- 
so ciclina B/CDK1 è 
fondamentale per la 
transizione G2 — > M. 
Esistono due famiglie 
di inibitori delle CDK: 
una famiglia è costitui- 
ta dai cosiddetti inibi- 
tori INK4 ed è compo- 
sta dalle proteine p15, 
p16, p18 e p19, che 
agiscono sui complessi 
ciclina D/CDK4 e ciclina 
D/CDK6; l'altra famiglia 
di inibitori è costituita 
dalle tre proteine p21, 
p27 e p57, che sono 
invece in grado di ini- 
bire tutte le CDK. 



Inibitori delle CDK 



Ciclina ^^!pr/ f 
E p21 




■ Tabella 24.3 - Inibizione di Cdk da parte di Cdkl. 



Cdkl 


Attività inibitoria sui complessi 
Cdk-ciclina 


Famiglia 
CIP/KIP 
p21, p27, p57 


Interagiscono specificamente con i com- 
plessi Cdk2-ciclina A, Cdk2-ciclina E. 


Famiglia INK4 
pi 5, pi 6, 
p!8, p,19 


Formano complessi binari con Cdk4 o 
con Cdkó impedendo ad esse di com- 
plessarsi con cicline del gruppo D con 
conseguente impossibilità di attivazione 
delle Cdk. 



p16 INK4A 
p 15 INK4B 
pl8 INK4C 
pl9 INK4D 




A-CDK2 



A-CDC2 B-CDC2 



a) 




■ Figura 24.5 - Una ciclina complessandosi con una Cdk 
ne induce per fosforilazione l'attivazione alla quale con- 
tribuisce anche la CAK (Cdk Activating KinaseK A) Gli 

inibitori della famiglia CIP/KIP interagiscono con i com- 
plessi Cdk2/ciclina A e Cdk2-ciclina E bloccandone l'atti- 
vità. B) Gli inibitori della famiglia INK-4 formano complessi 
binari con Cdk4 e con Cdk-6 impedendo ad esse di 
complessarsi con le relative cicline. 



Tabella 



Caratteristiche dei principali inibitori nucleari delie chinasi cicline-dipendenti. 



Inibitore Sigla 



Locus del gene Proteine 
codificatore bersaglio 



Principali proprietà 



p21 



cip1 



CDKN1A 



6p21.1 



p27 wpi 



p57 kip2 



CDKN1B 



CDKN1C 



p16 ink4A CDKN2A 



p15 ink4B CDKN2B 



12p12-13.1 



11 pi 5.5 



9p21 



9p21 



p18 ink6 CDKN2C 1p32 
p19 ink4C CDKN2D 19p13 



Cdk2-E/A, Cdk4/6-D f 
PCNA 



Cdk2-E/A, Cdk.4/6-D 



Cdk2-E/A, Cdk4/6-D 



Cdk4/6~D 



Cdk4/6-D 



Cdk6-D 
Cdk4/6-D 



La sua sintesi è indotta dai prodotti dei 
geni oncosoppressori TP53, TP73 e 
BRCA1 ; agisce su vari complessi Cdk 
tramite il dominio N-terminale, sul PCNA 
tramite il dominio C-terminale. 

Il suo rapporto stechiometrico con i 
complessi Cdk è modificato dal TGF-(3; 
promuove l'apoptosi. 

Il gene codificatore è soggetto a "imprin- 
ting genomico"; è espresso soltanto l'al- 
lele materno. 

Codificato dal gene oncosoppressore 
MTS1 che è deleto, ipermetilato o mu- 
tato in numerose neoplasie umane. 

Codificato dal gene oncosoppressore 
MTS2 che è deleto o ipermetilato in 
alcune neoplasie umane; la sua sintesi 
è indotta dal TGF-fL 

Debolmente attivo anche su Cdk4-D. 

La sua sequenza aminoacidica è par- 
zialmente omologa (48%) a quella del- 
l'inibitore CDKN2A. 



Table 8.4 Alteration of the celi <y<le dock in human tumors A plus sign indicates that this gene or gene product is altered in at least 
1 0% of tumors analyzed. Alteration of gene product can include abnormal absence or overexpression. Alteration of gene can include 
mutation and promoter methylation. More than one of the indicated alterations may be found in a given tumor. 



Tumor type 


Rb 


Cyclin E1 


Gene pror 1 
Cyclin D1 


p16 INK4A 


p27 Ki Pi 


CDK4/6 


% of tumors with 
1 or more changes 


Glioblastoma 


+ 


+ 




+ 


+ 


+/+ 


>80 


Mammary carcinoma 


+ 


+ 


+ 


+ 


+ 


+/ 


>80 


Lung carcinoma 


+ 


+ 


+ 


+ 


+ 


+/ 


>90 


Pancreatic carcinoma 










+ 




>80 


Gastrointestinal carcinoma 


+ 


+ 


■ b 


+ 


+ 


• /p 

+r 


>80 


Endometrial carcinoma 


+ 


+ 


+ 


+ 


+ 


+/ 


>80 


Bladder carcinoma 


+ 


+ 


+ 


+ 


+ 




>70 


Leukemia 


+ 


+ 


+ 




+ 


+/ 


>90 


Head and neck 


+ 




+ 


+ 


+ 


+/ 


>90 


Lymphoma 


+ 


+ 


+ d 




+ 


/+ 


>90 


Melanoma 




+ 


+ 


+ 


+ 


+/ 


>20 


Hepatoma 


+ 


+ 


+ 




+ 


+/ e 


>90 


Prostate carcinoma 


+ 


+ 


+ 


+ 


+ 




>70 


Testis/ovary 


+ 


+ 




+ 


+ 


+/ 


>90 


Osteosarcoma 




+ 




+ 




+/ 


>80 


Other sarcomas 




+ 


+ 


+ 


+ 


/+ 


>90 


a Cyclin D3 is u p-regu lated in some tumors. 







b Cyclin D2 is u p-regu lated in some tumors. 

c p1 5«nk4b a | so f oun( j t 0 be absent in some tumors. 

d Cyclin D2 and D3 also found up-regulated in some lymphomas. 

e CDK2 also found to be up-regulated in some tumors. 




Table 8.3 Molecular changes in human cancers leading to deregulation 



Specif ic aiteration 



| Alter ations of pRb | 
TnSZflTSTOinfniWTW^SPSrty mutation 

Methylation of Rb gene promoter 

Sequestration of pRb by Idi , Id2 

Sequestration of pRb by the HPV E7 virai oncoprotein 

| Aiteration of <yclins | 

^ynnnr^vereScpressIorniuough amplification of cyclin Di gene 
Cyclin DI overexpression caused by hyperactivity of cyclin D1 gene 

promoter driven by upstream mitogenic pathways 
Cyclin DI overexpression due to reduced degradation of cyclin DI 

because of depressed activity of G SK-3P 
Cyclin D3 overexpression caused by hyperactivity of cyclin D3 gene 
Cyclin E overexpression 

Defective degradation of cyclin E protein d ue to loss of hCDC4 

| Aiteration of «yclln-dopondent kinasos | 

ct)K4 structurai mutation 

| Aiteration of CPK inhibitors | 

ueietion o? ly™* gene 
Deletion of 16 INK4A gene 
Methylation ofp16 INK4A gene promoter 

Decreased transcription of p27 K,p 1 gene because of action of Akt/PKB 

on Forkhead transcription factor 
Increased degradation of p27 Kip1 protein due to Skp2 overexpression 

Cytoplasmic localization of p27 Kip1 protein due to Akt/PKB action 
Cytoplasmic localization of p21 cip1 protein due to Akt/PKB action 

Multipl eionwmitant alterations by Myc, H -my< or l-my< | 

Increased expression of Idi, Id2 leading to pRb sequestration 

Increased expression of cyclin D2 leading to pRb phosphorylation 

Increased expression of E2F1, E2F2 E2F3 leading to expression of cyclin E 

Increased expression of CDK4 leading to pRb phosphorylation 

Increased expression of Culi leading to p27 Kip1 degradation 

Repression of pi 5 INK4B and p21 cip1 expression allowing pRb phosphorylation 

Table 



the celi cycle clock 



Clinical result 



retinoblastoma, osteosarcoma, sma li cei I lung 

carcinoma 
brain tumors, diverse others 
diverse ca rei no ma s, neuroblastoma, melanoma 
cervical carcinoma 

breast carcinoma, leukemias 
diverse tumors 

diverse tumors 

hematopoietic malignancies 
breast carcinoma 

endometrial, breast, and ovarian carcinomas 



melanoma 



diverse tumors 
diverse tumors 
melanoma, diverse tumors 
diverse tumors 

breast, colorectal, and lung carcinomas, and 

lymphomas 
breast, esophagus, colon, thyroid carcinomas 
diverse tumors 

diverse tumors 
diverse tumors 
diverse tumor 
diverse tumors 
diverse tumors 
diverse tumors 




>80% Gioma/blastcma 



[KjTyì| <j^Ei^> |1nK4b] j INK4A 



CDK6 



CDK4 ( RB 



[.hit 



Egj | INK4A | (^ |c^ (p^(R^ 



>90% Lung 



INMB 



INK4AKD1 



CDK4 



>80% Pancreas 
IwPi|/D3 



INfvlA 



>90% Gastrcintestinal 



•:[K:' 



INK4A <D1) CDK4 



>80^bErdDTi9triuTt 



[kim|{ì 1 ) INK4A <^CCK4(p^)(ro) 



' Uniti 

|wpi|/ei 



INK4A 



>90% Bone marrow JeukaGnn ia) - 

0© 



INK4B 


INK4A 




CDK4 



>80% Rtutary 
(^B^^D?) [lNK4A <^[ì<^ì| 



>90% Head and rack 




Figure 2 1 Mutati on of G1 /S regulators in human cancer. Only alteraticns that occur h more Ihan 1 0% of prhrary tuTours hav© beon ccnsidQrod. Nunbers 
reproognt th9 porcentage of tuTours #/ith alt©raticns in any of f h9 listod ooll-cyclG rogiiators. The loci in //Neh specific genetic or epigenelic alteratbn havo been 
defined are in pink. The alterations fa vwhich no Tochanisfic Gxpianaficn has boen providod are h ygIIow. Alter aficns retevant for tuTour progicds aro indicatoci 
byasterisks. 



Genes That Regalate DNA Repair 



The DNA repair genes do not contribute directly to celi growth 
or proliferation. They act indirectly by correcting eirors in DNA 
that occur spontaneously during celi division or those that follow 
exposure to mutagenic chemicals or irradiation. 



Caretaker Pathway 



Mutation of a caretaker 
gene allele (e.g., hMSH2) 

\ 

Mutation of the second 
caretaker gene allele 

\ 

GENBTIC INSTA BILITY 

\ 




Mutation of a gatekeeper gene aUete 
(e.g.. APC) 




/ 



Mutation of the second 
gatekeeper gene aliene 

i 

Additionai mutations of 
protooncogenes and other 
tumor suppressor genes 



Gatekeeper Pathway 



NEOPLASM 



+ 



ESO 




♦ 



X rays 

Oxygen radicats UVfcght X rays 

Alkylaung agcms Polycyclic aromaoc Ann -tumour agema 
Sporrtancous reacUons hydrocarbons (cte-Pt. MMC) 



Rcpfccailon 

errori 



-4 



"4 ^ ^ ^ ^ 



Uracti 
Abasicsile 
8 Oxoguanlnc 
Single strand break 



$-4)PP inteistrand cross-link 
Bufcy adduci Double-strand break 
CPD 



A-G Mbmatch 
T-C Mismaich 
Inscrtion 
Deletion 



Base-exc&ion Nucleoude-excl.s»n Recombmational Mismatch repair 

repair (BER) repair (MER) repair |HR. E J» 



Repair fxocoss 



a 



vedere tabella successiva 




(Transient) 

cell-cycle 

arresi 



Inhibitaon of: 




• Tranvcnptaon 




• Replicatoci 


— ► Apoptosts 


• C bromo some 


<ccii dead* 


seg relation 





Canctr 

Ageing 

intx>rn 
dlscasc 




Tabella B. Principali sistemi di riparazione del DNA presenti nelle cellule umane. 



Sistema riparativo 


Enzimi riparatori 


Meccanismo dell'azione 
riparatrice 


Trasferimento alchilico 


0 6 -alchilguanina DNA-alchil- 
transferasi 


Trasferimento del gruppo alchile 
dal DNA a un sito accettore 
cisteinico dell'enzima 


BER (Base Excision Repair) 


DNA N-glucosilasi, AP endo- 
nucleasi II, DNA polimerasi 
beta, DNA ligasi 


Rimozione di singole basi alterate 
e successiva eliminazione dei pentosi 
apurinici/apirimidinici (AP) risultanti 


MMR (Mismatch Repair) 


Prodotti dei geni MSH2/MLH1/ 
PMS1/PMS2/GTBP, DNA 
polimerasi, DNA ligasi 


Rimozione dalle catene di nuova sin- 
tesi del DNA di segmenti nucleotidici 
contenenti basi non complementari in- 

conto nnc orroro oliirooto \a ro o I i o q "71000 
borile pt;l cirUic UUldlUc Id ItjpilUdZIUf le? 


NER (Nucleotide Excision Repair) 


Excinucleasi, DNA polimerasi 
delta/epsilon, DNA ligasi 


Vedi Figura 10.1 


Ricombinazione omologa 


Rad51, Rad52, hMrel 1/hRad50/ 
nibrina, BRCA1, BRCA2, ATM, 
DNA polimerasi beta, DNA ligasi 


Riparazione simultanea di rotture su 
entrambi i filamenti di DNA 


Ricombinazione non omologa 


Ku70/80, DNA-PK, FEN-1 , 
DNA polimerasi beta, XRCC4, 
DNA ligasi 4 


Riparazione simultanea di rotture su 
entrambi i filamenti di DNA 



TABLE 23-1 



Some Human Hereditary Diseases and Cancers Associated with DNA-Repair Defects 



Disc 



DNA-Repah 



Prevention of Point Mutations, Insertions, Al si e 



Sensitività 



Deletions 



Hereditary 
nonpolyposis 
colorectal cancer 

Xeroderma 
pigmentosum 



DNA mismatch 
repalr 

Nucleotide excision 
repalr 



Repair of Double-Strand Breaks 



Blooms svndrome 



Fancoiii anemia 



Hereditary breast 
cancer. BRCA-1 
and BRCA-2 
deficiency 



Repair of double-strand 
breaks by homologous 
recombination 

Repair of double-strand 
breaks by homologous 
recombination 



Repair of double-strand 
breaks by homologous 
recombination 



UV irradiation, 
chemical mutagens 

UV irradiation, 
point mutations 



Mild alkylating 
agents 

DNA cross- 
linking agents, 
reactive oxidant 
chemicals 



Cancer 
Susceptibility 



Colon, ovary 



Skin carcinomas, 
melanomas 



Carcinomas, 

leukemias, 

lymphomas 

Acute myeloid 
leukemia, 
squamous-cell 
carcinomas 

Breast and 
ovarian cancer 



Symptoms 



Early development of 
tumors 



Skin and eye 

photosensitivity, keratoses 



Photosensitivity, facial 
telangiectases, 
chromosome alterations 

Developmental abnormalities 
including infertility and 
deformities of the 
skeleton; anemia 

Breast and ovarian 
cancer 




TABELLA 7-6 Predisposizione ereditaria 
allo sviluppo di tumori 

Sindromi neoplastiche ereditarie 

Gene Predisposizione ereditaria 



RB 

p53 

P16INK4A 
APC 

NF1, NF2 
BRCA1, BRCA2 
MENI, RET 
MSH2, MLH1, MSH6 

PATCH 



Retinoblastoma 

Malattia di Li-Fraumeni (vari tumori) 
Melanoma 

Poliposi familiare/cancro del colon 

Neurofibromatosi di tipo 1 e 2 

Tumori della mammella e dell'ovaio 

Neoplasia endocrina multipla 1 e 2 

Tumore del colon ereditario non 
polipoide 

Sindrome da carcinoma nevoide 
basocellulare 



Neoplasie familiari 

Evidente concentrazione di tumori in una famiglia, ma il ruolo della 
predisposizione ereditaria può, in certi casi, non essere chiaro 

Carcinoma della mammella 

Carcinoma dell'ovaio 

Carcinoma del pancreas 

Sindromi ereditarie autosomiche recessive caratterizzate 
da difetti di riparazione del DNA 

Xeroderma pigmentoso 
Atassia-teleangectasia 
Sindrome di Bloom 
Anemia di Fanconi 





Receptorfor growth 
inhibitor factors (TGF-p) 



Adhesion molecules 
(cadhenns) 



Growth factors (PDGF, FGF) 



Growth factor receptor 
(EGF receptor) \ 






Signal transducer Inhibitor of signal 
(RAS) transducer 



Celi cycle regulators 
(CYCLIN D. CDK4) 



Celi cycle inhibitor 
(RB) 



Transcnption 
regulator 
fgoes to nucleus) 



Celi cycle regulators 
(CDK inhibitor p16INK4a) 



Apoptosis inhibitor 
(BCL-2) 



Transcription 
factor 
(MYC) 




DNA repair 
(BRCA-1, BRCA-2) 



- Celi cyde and 

apoptosis 
regulator (p53) 



hMSH2 



Subcellular localizatìon and functìons of major classes of cancer-associated genes. The protooncogenes 
are colored red, cancer suppressor genes blue, DNA repair genes green, and genes that regulate 

apoptosis purple. 



Table 7.2 Examples of hypermethylated genes found in human tumor celi genomes 



Name of gene 


Nature of protein function 


Type of tumor 




n uciear recepior tot 


oreasi, lung 




Q me renila rio n 




m c m iKio2 
p57 H 


luk inhibitor 


gastric, pancreatic, hepatic; 






AMI 


1 IlVlró 


■ r\ i r\ i + <^t mAf^llAnmf amicar 

inniDiior ot meiaiioproieinases 


niirAiTA fi i m Air 

qi verse tumor s 


IHFRP 
Ivjrur 


sequesiers ivjr- 1 lacior 


uiverse tumors 


miCN Où/nl &INK4A 


inniDiior ut v-Lii\*t/o 


diverse lumors 


m Uhi OR/rkl ZINK4B 


inhihitni- nf f TWA/A 


aiverse lumors 


P IH 


inniDiior ot n UFviz/ iviuiviz 


coion, lympnoma 


APC 


inducer of p-catenin degradation 


colon carcinomas 


p73 


aids p53 to trigger apoptosis 


diverse tumors 


GSTP1 


mutagen inactivator 


breast, liver, prostate 


MGMT 


DNA repair enzyme 


colorectal 


CDH1 


cell-cell adhesion receptor 


bladder, breast, colon, gastric 


DAPK 


1^ in^QP inwnlx/pH in rf»ll H^ath 

IMIIojC IIIVUIVCU III V.CII u crei L 1 1 


UICIUUCI 


MLH1 


DNA mismatch repair enzyme 


colon, endometrial, gastric 


TGFBR2 


TGF-p receptor 


colon, gastric, small-cell lung 


THBS1 


angiogenesis inhibitor 


colon, glioblastoma 


RB 


cell-cycle regulator 


retinoblastoma 


CASP8 


apoptotic caspase 


neuroblastoma, SCLC 


APAF1 


pro-apoptotic cascade 


melanoma 


CTMP 


inhibitor of Akt/PKB 


glioblastoma multiforme 









Category 


Gene 




HDAC1 


HDACs 


HHAC9 

n LJr\ O c. 




HDACR 

f i LJr\ o \j 




SIRT1 


Sirtuins 


SIRT2 


o/n i o 




SIRT7 




KHM1 A 
r\LJlVl 1 r\ 




KDM2B 




KDMAC 

r\LJIvIH O 


HDMs 


KDM5A 

r\ Ls IVI \J/\ 


KDM5B 




KDM5C 




KDM6A 




KDMGB 



HATs 



Category Gene 



CREBBP 
EP300 
MYST3 
MYST4 
KAT5 
MLL 
EZH2 
NSD1 
PRDM2 
SMYD3 
WHSC1 



HMTs 



HDACs Sirtuins 




hats 



Jk3 



HMTs 



Me 



Category 


Gene 




nhih/iTi 

UnlM 1 1 


DNMTs 


DNMT3A 




DNMT3B 


(20G)-Fe(ll)- 


TET1 


dependent 


TET2 


oxygenases 




MuU 1 


Methyl-CpG 


MRD9 




binding 


MBD3 


proteins 


MBD4 




MECP2 
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Figure 3 Selection of epigenetic genes disrupted in human tumors. Mutation, deletion and/or altered 
expression of genes encoding components of the various epigenetic machineries are typically observed in 
human tumors. The figure shows a selection of genes encoding enzymes that add, remove and recognize 
histone modifications, as well as members of the DNA methylation machinery, whose deregulation 
is connected to cancer. CRCs, chromatin remodeling complexes; Ac, acetylation; Me, methylation. 




Hypermethylation 
(glioma) 



Figure 4 Epigenetic biomarkers in oncology. From ali types of samples obtained from individuals 
with cancer, single and global epigenetic screenings have been developed to identify new molecular 
markers to manage the disease. To predict malignancy in prostate tumorigenesis and response to 
temozolomide in gliomas, the study of hypermethylation events in GSTP1 and MGMT, respectively, 
is reaching the clinical stage. 





Figure 5 Epigenetic drugs for cancer therapy. Numerous compounds have been reported to be 
effective against cancer cells by inhibiting components of the epigenetic machineries. This figure 
shows the most important epigenetic drugs classified depending on their particular epigenetic targets. 



Table 6 Mechanisms of activation of proto-oncogenes 


Mechanism 


Genetic and biochcmical conscquences 


Examples 


Transduction 


inscrtion of cxons of a proto-oncogene 

info 'a n»t rovinio opnome nvn;illv with 

iiiivj ti i cuv v il ilo l^^iiwiiic, ii.iiiciii \ «vini 

truncations or internai mutations of 
coding sequences, causing efficient 
production of an abnormal protein 


V-.S7C 


Point mutation 


altered sequence and biochemical function 
of protein product 


c-I la- ras 


Tncprtion mnt;itinn 

lllodllUIl 1 1 1 li Iti l Iwl 1 


nnompriffi - ! nrrwlnptinn nf mRNÀ nnH nrntpin 

UUUIIICIIlvU Ul UUULUW11 Ul 1 1 1 Ivi t / V UI1V.1 l'I VHL 111 , 

via promoter or enhancer in LTR; sometimes 
accompanied by truncation, fusion, or point 

I J * * I 

mutation of coding sequences 


C-tìlVC int-1 

\* iflYx.^ llll 1 


Amplification 


augmented production of mRNA and protein 
via increased gene dosage 


N-wyc 


Chromosomal 
translocation 


altered regulation of expression, 
sometimes with creation of hybrid 
proteins 


c-myc\ 
abl-bcr 


Protein-protein 
interaction 


stabilìzation and altered biochemical 
function 


pp60°" r< and 
middle T Ag 



ABERRAZIONI CROMOSOMICHE 

NEI TUMORI 

a) "non random" (primarie) = sono determinanti per T inizio o lo sviluppo 

del tumore e, come regola, fortemente specifiche 



b) random (secondarie) = sono quelle che avvengono DOPO che il tumore 

si e' sviluppato e sono importanti per la PROGRESSIONE 



Timeline | History of the study of chromosome translocations in cancer 



David von 
Hansemann first 
observes mitobc 
aberrations ri 
tumour cels. 



Theodore Hauschka. 
Albert Levan and 
Sajiro Makno report 
that tumour cells 
nave mulinile chro- 
mosome aberrations 



Janet Rowley 
reports the first 
translocation. 
t(8;21 



Lore Zech associates 

t(8:14}wrthBurkitt's 

lymphoma. 



Cancer cytogeneucists 
convince clinicians of 
the relationshp between 
chromosome transloca- 
tions and subtypes of 
leukaemia. 



Carto Croce and Philip Leder 
carry out the first molecular 
characterizabon of a translo- 
cation. They use Southern 
blot anafysis to show that 
t(8;14) disrupts the IGH and 
MYC genes. 



Claude Turc- 
Carel and Alain 
Aurias associate 
t(11;22)wtth 
Ewing sarcoma- 



Emma 
Shtrvelman 
identifies the 
BCR-ABL 
fuson mRNA. 



Theodor Boven reports 
mitotc aberrations in 
tumour cells. 



Peter Newell and David 
Hungerford associate the 
Ph chrrjmosome with 
chronc myebgenous 
leukaemia (CML). 



Janet Rowtey 
reports that the Ph 
chromosome is 
caused by t<9:22). 



Janet Rowtey assoa- 
atesthet(15:17)with 
acute promyetacytic 
leukaema (APL). 



Third mtemattanal 
Workshop determines 
the prognostic signrfi- 
cance of chromosome 
abnormaiities ri acute 
tymphctìastic leukaemia 
(ALL). 



Fourth mtemationai 
Workshop determines 
the prognostic signifi- 
cance of chromosomal 
abnormafcties r acute 
myetogenous 
leukaemia (AML). 



Nora Heisterkamp and 
John Ooffen clone the 
genes dsrupted by 
t(9;22). 



M.E. Huang uses 
ali-trans retrx)ic 
acid {ATRA) to 
treat APL patients. 



Brian Druker and Charles 
Sawyer show that STI-571 , 
which targets the BCRr-ABL 
fusbn protein caused by the 
chromosome 9-22 transloca- 
tion, can cure CML. 




Janet Rowtey uses fluo- 
rescence hybridzabon to 
detect transtocauons. 



Tal 

A-G Chromosome groups 

1-22 Autosome numbers 

X, Y Sex chromosomes 

/ Diagonal line indicates mosaicism, e.g., 46/47 designates a mosaic 

with 46-chromosome and 47-chromosome celi lines 

p Short arm of chromosome, "petite" 

q Long arm of chromosome 

del Deletion 

der Derivative O** fhrnmncnmA 

dup Duplication 

i Isochromos< 

ins Insertion 

inv Inversion 

r Ring chromosome 

t Translocation 

ter Terminal (may also be written as pter or qter) 

+ or — Placed before the chromosome numbcr. these symbols indicate 

addition ( + ) or loss ( — ) of a whole chromosome; e.g., +21 indicates 
an extra chromosome 21, as in Down syndrome. Placed after the 
chromosome number, these symbols indicate gain or loss of a 
chromosome part; e.g., 5p— indicates loss of part of the short arm of 
chromosome 5, as in cri-du-chat syndrome. 




Manifestation of genetic instability 



Genette instabilitv mav be indicateci bv a varietv of ccUular fearures at the cliromosomal and at 

é è 4 # 

the DNA level. At the chromosomal level, the incide nce of aneuploidv, deletions , translocations, 
sister-chromatid exchanges. etc, are evidence of th j instability of the genome.l lnstabilitv of the 
genome is also manifested at the DNA level as altered DNA repair properties, gene amplifìcation 
and deletion and point mutations 



.4/ the DNA level 



(a) Point mutations 

(b) deletions 

(c) insertions 

(d) DNA damage/repaii* 

(e) recombination 

(f ) gene amplifìcation 

(g) microsatellite instabilir\ r 



At the cbromosomal level 



(a) aneuploidy 

(b) translocations 

(c) deletions 

(d) inversions 

(e) fragile sites 

(f ) homogeneously stained regions (HSRs) 

(g) Doublé minute chromosomes 




Normal diploid 




Polyplold 



. oloid Reciprocai Non-reciprocal Amplification Amplìficatic-n Arnpliftcalion 

trtnslocation translocntion (doubto minute») <HSR) (dlttrlbuted inserii on%) 
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Fig. 33.6 - Basi molecolari e tecniche per ottenere il bandeg- 
gio dei cromosomi ad alta e normale risoluzione. 
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Figura 7.3. Cariotipo di una cellula leucemica prelevata da un bambino affetto da leucemia linfatica 
acuta. È presente una traslocazione cromosomica 4;1 1 che dà luogo alla comparsa di un cromosoma 
4q" e di un cromosoma 11q + (indicati dalle frecce). 
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Figure 1. Partial karyotypes of common translocations discovered by Rowley. 

The translocations appear in the order in which they were discovered. 



FIGURE 29.16 Doublé minutes in a metaphase of a cultured 
neuroblastoma cell. Doublé minutes represent the same phe- 
nomenon of gene amplification as the homogeneously stained 
regions (HSRs). (Reproduced with permission from [87].) 
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< Figure 1 | Chromosomal instability. Spectral karyotyping (5KY) chromosome painting 
of a near-tetraploid mouse tumour demonstrates both numerical and structural 
chromosonrìal abnormalrties. Image c ourtesy of E. Ivanova. Belfer Institute for Applied 
Cancer Science. Dana-Farber Cancer Institute. Boston. Massachusetts. USA. 





<l«r(17). tf17;16;X) 
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Chromosome rearrangements in acute myeloid leukaemia cells. Metaphase cells from an 
untreated acute myelogenous leukaemia (AML) patient were analysed using spectral karyotype (SKY) 
analysis. a | The chromosomes were first stained with a mixture of labelled probes specific for different 
chromosomes. Normal chromosomes are uniform in colour, whereas rearranged chromosomes show two 
or more colours (arrows). b | The spectral pattern of chromosomes has been classified using computer 
software to identify individuai chromosomes. Each chromosome has its own colour code. Several colours 
on a single chromosome indicate a rearrangement, c | Presentation of rearranged chromosomes. Each 
separate panel shows the spectral and classified images of the normal parent chromosome (left two 
chromosomes), and the spectral and classified images of the rearranged chromosome (right two 
chromosomes). The analysis of each chromosome type is listed below, including the chromosome that the 
rearrangement is derived from (der). In this celi, rearrangements are caused by translocations (t), 
deletions (del), or dicentric chromosomes (die). For example, for chromosome 13 (upper right panel), the 
rearrangements include pieces of chromosome 15, the Y chromosome, chromosome 13 and chromosome 
20, from the top to bottom. There are at least 30 separate rearrangements in this cell. Each is not 
necessarily associated with a cancer. 



Table 1 Evolution of genome-wide methods for identifying different classes of chromosomal rearrangements 



Techniques 



Detection 



Maximum resolution Sensitivity 



Copy-neutral events 



Deletions and Unbalanced Balanced LOH and 

duplications Insertions translocations translocations Inversions UPD 



Early 1970s Karyotyping/G-banding 



Early 1990s 
Mid 1990s 
Late 1990s 



FISH-based 
CGH 

M-FISH/SKY/COBRA 
RxFISH 



Yes 

Yes 
Yes 
Yes 



Yes 

No 
Yes 
Yes 



Yes 

Yes 
Yes 
Yes 



Yes 

No 
Yes 
Yes 



Yes No Low (> severa I Mb) Low 

No No Low (> severa I Mb) High 

No No Low (> severa I Mb) High 

Yes No Low (> severa I Mb) High 



Array-based 
Early 2000s 1-Mb BAC array-CGH 



Tìling-path BAC array-CGH 
Oligonucleotide array-CGH 




Late 2000s SNP arrays 

NGS-based 



Yes 



Yes 



No 



Yes 



Yes 
Yes 



No 



Yes 



No 
Yes 



Yes 



Yes 



Average (> 1 Mb) 
High (> 50-100 kb) 
High (catalogue > 1 kb, 
custom >400bp) 
High (>5-10kb) 



High 
High 
Very h igh 

High 



Very high (bp level) Very high 



Abbreviations: BAC, bacterial artificial chromosome; CGH, comparative genomic hybridisation; COBRA, combined binary ratio labelling; FISH, fluorescence in situ hybridisation; LOH, loss of 
heterozyogosity; M-FISH, multiplex FISH; NGS, next-generation sequencing; RxFISH, Rainbow cross-species FISH or cross-species colour banding; SNP, single-nucleotide polymorphism; SKY, 
spectral karyotyping; UPD, uniparental disomy. 
Methods in the grey-shaded area are discussed in this review. 
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Figure 1 Overview of 'cytogenetics' oligonucleotide arrays workflow. White boxes: sample preparation stage, grey boxes: microarray stage. Different methods 
are available for array-CGH labelling (enzymatic, restriction digestion, Universal Linkage System) and can require a fragmentation step (dashed line box). 
Hybridisation mixtures contain blocking agents and DNA enriched for repetitive sequences (for example, Cot-1 DNA) to block nonspecific hybridisation and 
reduce background signal. Hybridisation times vary accordi ng to platform and array format. For further details on protocols see the commercial vendors' 
website. Available catalogue arrays are listed in Supplementary Table SI. Cy5, cyanine-5; Cy3, cyanine-3; gDNA, genomic DNA; OGT, Oxford Gene 
Technology; WGA, whole-genome amplification. 
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Figure 5 Genomic landscape of rearrangements in a pancreatic cancer 
patient. NGS identified various types of inter- and intra-chromosomal 
rearrangements scattered across the whole genome as shown by this circos 
plot. Inner ring represents copy-number status and outer ring shows 
chromosome ideograms. Reprinted by permission from Macmillan Publishers 
Ltd: Nature (Campbell et al., 2010), copyright 2010. 



Aneuploidia 



Tumori interessati 



A) Trisomia 8 



Leucemia mieloide cronica (M 1 ) 
Leucemia mieloblastica acuta (M2) 
Leucemia non linfocitica acuta 



A) 

Trisomia 12 Leucemia linfatica cronica 



A) Trisomia 15 Leucemia a cellule T murine 



B) Monosomia 13 Retinoblastoma 



B) Monosomia 22 Meninsziomi 



B) 

Monosomia 15 Tumori indotti da transfezione di 

H-ras e myc nell'hamster siriano 



A) Attivazione di oncogeni (p.es. per amplificazione) 

B) Perdita di oncosoppressori 




Table 1 1 Specific, 


recurrent chromosome gains and losses in human cancer 






Chromosome 


Gains 




^^osse^ - 






Cancer type 


Frequency (%) 


Cancer type 


Frequency (%) 


1 


Multiple myeloma 


22/385(5.7) 


Adenocarcinoma (kidney) 


14/610(23) 




Adenoca rei noma (breast) 


27/323(8.4) 






2 


Hepatoblastoma 


29/65(44.6) 








Ewing's sarcoma 


21/181(11.6) 






3 


Multiple myeloma 


81/385(21) 


Melanoma 


36/72(50) 




Diffuse large B-cell lymphoma 


25/197(12.7) 


Adenocarcinoma (kidney) 


43/610(70) 


4 


Acute lymphoblastic leukaemia 


187/1817(10.3) 


Adenocarcinoma (kidney) 


12/610(2.0) 


5 


Multiple myeloma 


84/385(21.8) 








Adenoca rei noma (kidney) 


48/610(7.9) 






6 


Acute lymphoblastic leukaemia 


206/1817(11.3) 


Adenocarcinoma (kidney) 


19/610(3.1) 




Wilms* tumour 


44/232(19.0) 






7 


Adenoca rei noma (kidney) 


222/610(36.3) 


Acute myeloid leukaemia 


144/1026(14) 




Adenoca rei noma (intestine) 


40/125(32.0) 


Juvenile myelomonocytic leukaemia 


30/50(60) 


3 


Acute myeloid leukaemia 


206/1026(20.0) 


Adenocarcinoma (kidney) 


29/610(4.8) 




Chronic myeloid leukaemia 


253/808(31.3) 








Ewing's sarcoma 


62/181(34.2) 






9 


Multiple myeloma 


98/385(24.2) 








Potycythaemia vera 


41/166(24.7) 






10 


Acute lymphoblastic leukaemia 


173/1817(9.5) 


Astrocytoma 


21/234(9.0) 




Adenocarcinoma (uterus) 


22/62(35.5) 


Multiple myeloma 


14/385(3.6) 


11 


Multiple myeloma 


82/385(21.3) 






12 


Chronic tymphocytic leukaemia 


305/884(34.5) 


Multiple myeloma 


11/385(2.9) 




Wilms* tumor 


85/232(36.6) 







Associetions between apeerfio chromosome gains and losses and specific cancers were identified using the Statistica! Azzac ation^ in Cancer Karyotypes (STACKÌ 
website 11 . STACK filters the non-biased karyotype data from the Mitelman Peto base, whtoh contains karyotype data from many aoorce: to remove any partially 
charecterized or redundant karyotypes. as weM as karyotypes that were not neor-diploìd. The signrficance of the correiation between a specific karyotype aberrati on 
and a specific tumour class are then caloulated using the hypergeometric test. Of note, signrfioant aasociations have also been described between am plifications and 
deletions of chromosome arma and specific tumour c lasses*. 



Table 1 | Specifici, recurrent chromosome gains and losses in human cancer 



Chromosome 












Cancer type 


Frequency (%) 


Cancer type 


Frequency (%) 



13 


Acute myeloid leukaemia 


31/144(21.5) 


Multiple myeloma 


52/385(13.5) 




Wilma' tumor 


34/232(14.7) 






14 


Acute lymphoblastic leukaemia 


108/1817(10.9) 


Adenocarcinoma (kidney) 


67/610(11.0) 








Meninqioma 


49/508(9.6) 


15 


Multiple myeloma 


94/385(24.4) 






16 


Adenocarcinoma (kidney) 


92/610(15.1) 


Multiple myeloma 

r 7 


14/385(3.6) 


17 


Adenocarcinoma (kidney) 
Acute lymphoblastic leukaemia 

7 ■ 


102/610(16.7) 
161/1817(8.9) 






U 


Acute lymphoblastic leukaemia 
WSIms' tumour 


185/1817(10.2) 
35/232(15.1) 


Adenocarcinoma (kidney) 


22/610(3.6) 


19 


Multiple myeloma 


94/385(24.4) 


Adenocarcinoma (breast) 


20/323 [62) 




Chronic myeloid leukaemia 


79/808(9.8) 


Meningioma 


16/508(3.1) 


20 


Hepatoblastoma 
Adenocarcinoma (kidney) 


28/65(43.1) 
60/610(9.8) 






21 


Acute lymphoblastic leukaemia 
Acute megakaryoblastic leukaemia 


363/1817(20.0) 
59/168(35.1) 






22 


Acute lymphoblastic leukaemia 


77/1817(4.2) 


Meningioma 


355/508(69.9) 


X 


Acute lymphoblastic leukaemia 
Follicular lymphoma 


225/1817(12.4) 
34/274(114) 






Y 



Asaociationa between apecrfic chromosome gaina and losaes and apecific cancera were identified using the Statistica! hzzac atiom in Cancer karyotyp ea (STACtQ 
we bs i te 11 . STACK fi Itera the non-bìaaed karyotype data from tha M ite-Iman Database, whic-h conta ins karyotype data from many aouroea. to remove any partially 
•: ha -se tei rea or recu^dant var\ otv^e:. a: IMI I e: varvoty^e; tha: v,*'e IMI neer-o ip .o d. Tki :lgn (mORM D'the DOTI aticn between a JMoI c vervorype srer-aticn 
and a apecific tumour class are then oaloulated using the hypergeometric test. Of note, aignificant aasociationa nave also been desoribed between amplifi cationi and 
deletiona of chromoaome arma and apecific tumour classea*. 




^ Altered expfessior 
of gene B 



r jI- y:-r % lymptaflM 



Gene A promoter Gene B coding region 



The consequences of recurring chromosome translocations. 

a | In some lymphomas and leukaemias, chromosome translocations lead to the juxtaposition of 
promoter/enhancer elements from one gene (gene A, purple) with the intact coding region of 
another gene (gene B, red). 
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Cene fusion leading to gene upregulation. ^he t(8;14)(q24;q32) 



translocation, the most common translocation in Burkitt lymphoma, leads to the 
deregulation of the MYC gene at 8q24 through its juxtaposition with regulatory 
elements of the immunoglobulin heavy chain (ICH) gene at 14q32; that is, the MYC 
gene is constitutively activated because its expression is driven by immunoglobulin 
enhancers (E). The MYC gene has three exons, and is oriented with its 5' end 
towards the centromere. The breaks show considerale variability and might be 
scattered over an area larger than 200 kb at the 5' part of the gene upstream of exon 
2, the first coding exon. As a consequence, the two protein-encoding exons are 
always spared and are translocated to the IGH locus in 14q32. The breaks in the ICH 
gene usually take place within switch regions, but can also involve joining regions; 
occasionally the breaks take place in a variable or a Constant region. The IGH gene is 
oriented with its 5' part towards the telomere, so the translocation leads to a 5'*- 5' 
(head-to-head) fusion of MYC with sequences from the IGH locus. 
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Table 4.4 Translocations in human tumors that deregulate proto-oncogene 
expression and thereby create oncogenes 



Oncogene 


Neoplasm 


myc 


dUikills lympnorna, oiner d- ana i-cen maiignancies 


Ufi 

DCI-Z 


TOiiicuiar b-ceii lympnomas 


DCI-D 


enronic b-ceii lympnornas 


Uri e 


aiTiuse D-ceii lyiripnornas 


nox i 


"I" /■ /~\ 1 1 1 ai 1 1/ avvi i ^ 

acme i -ce 1 1 leuKemia 


lyl 


acute T-cell leukemia 


rhom- 1 


acute T-cell leukemia 


rhom-2 


acute T-cell leukemia 


tal-I 


acute T-cell leukemia 


tal-2 


acute T-cell leukemia 


tan-1 


acute T-cell leukemia 




GereAoodiigregion 

Gene B coding region 



* Expression of fusion proteins 



The consequences of recurring chromosome translocations. 

b | By contrast, translocations seen in CML and many of the acute leukaemias result in 
recombination of the coding regions of two different genes. This results in a fusion protein that 
might have a new function. This is the case for the BCR-ABL fusion protein that is encoded by the 
Philadelphia chromosome 
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FIGURE 29.13 Metaphase showing a Philadelphia chromo- 
some (arrow), which is to this day the most characteristic and 
consistent karyotypic change in human cancer. (Reproduced 
with permission from [87].) 
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Fig. 3. Signaling in BCR-ABL. The lUPred analysis 
of BCR-ABL along with each domain. (103) Potentially 
globular regions are indicated by blue boxes and 
the rest of the BCR-ABL sequences are intrinsically 
disordered regions. Information on the cABL last 
exon-encoded sequence (LX) is not shown. (19) Major 
signaling pathways and their biological activity in 
chronic myeloid leukemia (CML) and normal 
hematopoiesis are shown. ocapo, anti-apoptosis; 
Cata, catabolism; eryth, erythropoiesis; myel, 
myelopoiesis; Pro Stab, protein stabi lity; SH2BIND, 
the ABL SH2-binding domain; Tran, transformation; 
Warb, Warburg effect. 
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BCR-ABL1-dependent pathways to blastic transformation. Schematic representation of the potential BCR-ABL1-dependent molecular rnecha- 
nisrns leading to CML disease progression.The relatively high BCR-ABL1 expression/activity in CML-CP CD34*CD38- stern cells and/or CD34* 
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BCR-ABL1 regulates DNA darnage and DNA repair, the 2 major components of genomic instability. BCR-ABL1 -positive leukemia cells accumu- 
late more DNA lesions, such as 7,8-dihydro-8-oxo-2-deoxyguanosine (8-oxoG), and DNA DSBs induced by ROS, AID, and genotoxic agente 
(e.g., -radiation, cisplatin, mitomycin C, hydroxyurea, and UV light) in comparison with normal cells. In addition, BCR-ABL1 inhibits MMR and 
stimulates mutagenic NER to generate point mutations including those causing TKI resistance. Moreover, BCR-ABL1 actìvates unfaithful DSB 
repair mechanisms, HRR, NHEJ, and SSA, which contributo to chromosomal aberrations. The effect of BCR-ABL1 on base excision repair 
(BER) and 0(6)-methylguanine-DNA methyltransferase (MGMT) is not known. Altogether, elevated levels of DNA darnage combined with inef- 
ficient/unfaithful DNA repair cause genomic instability in CML-CP and facilitate CML-BP. 
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Figure 3. Mechanism of action of imatinib. (A) The 

constitutively active BCR-ABL tyrosine kinase functions 
by transferring phosphate from ATP to tyrosine residues 
on various substrates to cause excess proliferation of 
myeloid cells characteristic of CML. (B) Imatinib blocks 
the binding of ATP to the BCR-ABL tyrosine kinase, thus 
inhibiting kinase activity. Illustration byA. Y. Chen. 
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Table 1. Phase II studies of response to STI571 in chronic myelogenous 
leukemia patients 3 



Disease phase 


Number of 


Hematologic 


Cytogenetic response 


Relapse rate at 




patients 


response (%) 


«35% Ph-positive) (%) 


1 8 months (%) 


Chronic 


532 


95 


60 


9 


Accelerateci 


235 


53 


26 


40 


Myeloid blast crisis 


260 


29 


15 


78 



a Abbreviation: Ph, Philadelphia chromosome. 
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Fig. 1. First- and second-generation tyrosine kinase inhibitors for cancer treatment 

Doppio inibitore attivo sia su Abl che su Src 



Cancer type 



Chronic 

myelogenous 

leukemia 



Tyrosine kinase 
target 



BCR-ABL 



First-generation 
inhibitor 




Imatinib 



Second-generation 
inhibitor 



(^^^ Dasatinib 




Table 2 | New tyrosine kinase inhibitors in clinical trials for CML 



Inhibitor 


Company 


Targets 


Route of 
administration 


Developmental 
status 


Nilotinib 
(AMN 107) 


Novartis 


ABL, PDGFR, KIT, EPHB4 


Orai 


Phase II 


Dasatinib 
(BMS-354825) 


Bristol-Myers 
Squibb 


ABL, PDGFR, KIT, FGR.FYN. 
HCK, LCK, LYN, SRC, YES, 
EPHB4 


Orai 


Approved 


Bosutinib 
(SKI-606) 


Wyeth 


ABL, FGR, LYN, SRC 


Orai 


Phase II 


INNO-406 
(NS-187) 


Innovive 


ABL, LYN, PDGFR, KIT 


Orai 


Phase 1 


AZD0530 


AstraZeneca 


Srcfamily kinases 


Orai 


Phase II (solid 
tumours) 


MK-0457 
(VX-680) 


Merck 


Aurora kinases, FLT3, JAK2, ABL 
(includingT315l) 


Intravenous 


Phase II 


PHA-739358 


Nerviano 


Aurora A, BandC 


Orai 


Phase II 



CML, chronic myeloid leukaemia; FLT3, FMS-related tyrosine kinase 3; JAK2, janus kinase 2; NA, not applicable; 
PDGFR, platelet-derived growth factor receptor. 



Tabella 4.12. Neoplasie umane sensibili al trattamento con imatinib mesilato (Glivec). 



Neoplasia 


Evento patogenetico 


Bersaglio del farmaco 




tmaioiogica 








L. mieloide cronica Ph+* 


Fusione BCR-ABL da t(9;22) 


Abl-1 




L. linfatica acuta Ph+ 


Fusione BCR-ABL da t(9;22) 


Abl-1 




L. linfatica acuta T 


Fusione NUP214-ABL1 da 
amplificazione extracromosomica 9q34 


Abl-1 




L. mielomonocitica cronica 


Fusione EVT6-PDGF-RB da t(5;12) 


PDGF-R(5 






Fusione H1P1-PDGF-RB da t(5;7) 


PDGF-Rp 






Fusione KIAA1 509-PDGF-RB da t(5;14) 


PDGF-Rp 




L. eosinofila cronica 


Fusione FIP1L1-PDGF-RA da 
delezione interstiziale 4q12 


PDGF-Ra 




Mastocitosi sistemica 


Mutazioni del gene KIT in codoni diversi 

rta minili priHif ipsìnti nor il cifri p£*t£alitir*n** 


Kit 




rMon emaioiogica 








T. stromali gastrointestinali (GIST) 


Mutazioni del gene KIT 


Kit 




GIST: variante mixoide-epitelioide 


Mutazioni del gene PDGF-RA (eccetto D842V) 


PDGF-Ra 




Dermatofibrosarcoma protuberans 


Fusione COLI A1 -PDGF-RB da t(17;22) 


PDGF-Rp 





* Il trattamento della L mieloide cronica Phr con imatinib mesilato, se praticato nella fase di esordio della malattia (oggi, la dia 
gnosi viene posta in questa fase nel 95% dei casi), induce una remissione citogenetica completa (vedi Glossario) nell'86% de 
pazienti. La remissione è duratura ma non indefinita: annualmente, il 4% circa dei pazienti in remissione subisce una recidiva leu 
cemica, generalmente causata da nuove mutazioni o dall'amplificazione del gene chimerico BCR-ABL. L'impiego di altri e pii 
potenti inibitori competitivi del sito chinasico Abl, come il nilotinib o il dasatinib, sembra essere efficace nel trattamento di grai 
parte delle recidive leucemiche resistenti airimatinib mesilato. 

** I pazienti con mutazioni di questi codoni, come la mutazione D816V, rispondono al trattamento con sunitinib o con dasatinib 
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Table 4.5 Translocations in human tumors that cause the formation of oncogenic 
fusion proteins of novel structure and function 



Oncogene 


Neoplasm 


bcr/abl 


chronic myelogenous leukemia; acute lymphocytic leukemia 


dek/can 


acute myeioid leukemia 


tZA/pDXl 


acute pre-B-cell leukemia 


PML/RAR 


acute promyelocytic leukemia 


llerg 


myeioid leukemia 


irel/urg 


B-cell lymphoma 


s~~ n r~ r\ in n \ / 1144 

CBF$/MYH1 1 


acute myeioid leukemia 


aml1/mtg8 


acute myeioid leukemia 


ews/fli 


Ewing sarcoma 


Iyt-10/Ca1 


B-cell lymphoma 


hrx/enl 


acute leukemias 


hrx/af4 


acute leukemias 


NPM/ALK 


large-cell lymphomas 



Transcription 



Epigenetics 




ETS factors 



Pathways ^ Celi structure 

Nuclear receptors 

Fig. 1. Common molecular targets of oncofusion proteins. 



AML-associated oncofusion proteins. 



Translocation 



Prognosis 



FAB 



Oncofusion-protein 



Occurence 



t(8;21) 

t(15;17) 

inv(16) 

der(llq23) 

t(9;22) 

t(6;9) 

t(l;22) 

t(8;16) 

t(7;ll) 

t(12;22) 

inv(3) 

t(16;21) 



Favorable 

Favorable 

Favorable 

Variable 

Adverse 

Adverse 

Intermediate 

Adverse 

Intermediate 

Variable 

Adverse 

Adverse 



M2 
M3 
M4 

M4/M5 
M1/M2 
M2/M4 
M7 

M4/M5 
M2/M4 
M4/M7 

M1/M2/M4/M6/IV17 
M1/M2/M4/M5/M7 

J.HA. Martens, H.C. Stunnenberg/h'HBS Letters 584 (2010)2662-2669 



AML1-ETO 

PML-RARoc 

CBFp-MYHll 

MLL-fusions 

BCR-ABL1 

DEK-CAN 

OTT-MAL 

MOZ-CBP 

NUP98-HOXA9 

M NI -TEL 

RPN1-EVI1 

FUS-ERG 



10% of AML 
10% of AML 
5% of AML 
4% of AML 
2% of AML 
<l%of AML 
<1% of AML 
<1% of AML 
<1% of AML 
<1% of AML 
<1% of AML 
<1% of AML 
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Fig. 2. Ovcrview of DNA-binding oncofusion proteins. 



Table 3 - 


Chromosome typology abnormalities. 










Abn ormai ity type 


Involved genes 


Mairi functional effect 


Example 


Type I 


Fusion genes originatili g 


Oncogenes, kinases, 


Function gain 


FLIl-EWS in the t 




from translocations or other 


transcription factors, etc 




(11; 22), MLL duplication 




chromosomal rearrangements 








Type II 


Position effect 


Oncogenes, other genes 


Dysregulation 


IGH*BCL2 in 




originating from translocations or other 






t(14;18), MYC in t(8;14)(q24;q32) 




chromosomal rearrangements 








Type III 


Copy number gain 


Oncogenes, other genes 


Gene dosage 


Duplication of the Ph in CML, of MET 




of ali or part of a chromosome 




effect (may act on a 


gene by whole trisomy 




(IIIs) 




modified gene) 


7 or segmentai duplication 


Type Illa 


Gene amplification 


Oncogenes, other genes 


Gene dosage effect 


EGFR in lung 




(more than 2,2-4 copy 




(sometimes actìng on 


cancer, ERBB2/HER2 in breast cancer, MYCN in 




per haploid genome 




a modified gene) 


neuroblastoma 


Type IV 


Total or partial (IVs) loss of a chromosome, Total 


Tumor suppressor genes 


Loss of function, LOH 


Inactivation of RB gene in retinoblastoma 




or partial acquired isodisomy, inactivation by mutation... 






via deletion of chromosome 13 or mutation of RB, loss of 










CDKN2A in various cancers 





Tablc 1 — Selccted chroniosomal abnornialitìes in hematologkal malign; 


il 11 L'ICS . 






Disease 


Chromosomal 


Genes a 


Type 


Targeted 




abnormalities 




therapy b 


Acute malignant lymphoid proh/eration 










ATT M/T O D T-r- D 

ALL Ll/Lz rre-D 


t(l,19)(q23,pl3) 


DD vi Trro 
rbAl- 1 L,t 6 


T 

1 




ALL L1/L2 B or biphenotypic 


t(9;22)(q34;qll) 


A Ti T T™* T\ 

ABL-BCR 


■ 

I 




all Li/Lz Dipnenotypic 


t(4,ll)(q21,q23) 


A VA \X1 I 

Ar4-MLL 


T 

1 




ATT M/IO /^V»ìl/-1\ 

ALL Ll/Lz (cnila) 


4-/1 0-01 \ o. n oo\ 

t(12,21)(pl3,q22) 


l LL-AML1 


T 

1 




ATT M/IO 

ALL Ll/Lz 


50—60 chromosomes, 




TTT 
111 






hyper diploidy 








ATT 14/lA 

ALL Ll/Lz 


t(5;14)(q31,q32) 


il O* T/" 1 T T 

IL3 IGH 


T T 
II 




ATT T 1 /T O 

ALL L1/L3 


dup(6)(q22— q23) 


MYB 


TTT 
III 




ATT 14/lA 

ALL Ll/Lz 


del(9p),t(9p) 


rCDKN2(pl6) 


IV 




ATT 14/14 

ALL Li/Li 


del(y) (pli) 


PAXb 


T\ 1 

IV 




ATT M/IO 

ALL Ll/Lz 


4-/Q.10\/n O/I -«-k'I 0\ 

t(9,12)(q34,pl3) 


aiìt Tri 

ABL- 1 LL 


T 

1 




ATT M/T O 

ALL Ll/Lz 


t(ll,V)(q23,V) 


III T \T 

MLL- V 


T 
1 




ATT M/TO 

ALL Ll/Lz 


aei( izp) 


L I Vor 


IV 




ATT M/I O 

ALL Ll/LJ 


episome(9q34.1)§ 


vtt too 1 vi A DT i 

JNUrzl4-ADLl 


T 
1 


imauniD 


13 / ATTO D i i «-1^-ì 4-4- ' r-> Imi 1 r r\ Uttk i »-» /l * t iot ivi r-i \ 

r> ^allj, duikill s leuKeirua/iyiTipnornaj 


t(o,14)(q24,qJz) 


ILtH MYL 


TT 
11 




B (ALL3, Burkitt's leukemia/lymphoma) 


t(2;8)(pl2;q24) 


IGICMYC 


T T 
II 




B (ALL3, Burkitt's leukernia/lyrnphorna) 


t/0>00\/n Ovl 

t(8,22)(q24,qll) 


lUfv MYL. 


TI 
II 




Follicular lymphoma to large-cell diffuse 


t(i4,ioj(q.5z,qzij ana 


IbH dL.Lz/ILtK/ILtL 


TT 
11 




lymphoma 


variants 








Mantle-cell lymphoma 


t(ll,14)(ql3,q32) 


CCND1 IGH 


TT 
II 




Marginai zone lymphoma 


t(l;14)(p21;q32) 


BCLIO IGH 


T T 
II 




Marginai zone lymphoma 


3 




TT T 

III 




Marginai zone lymphoma 


t(ll:18)(q21;q21) 


BIRC3- MALTI 


I 




Large-cell diffuse lymphoma 


t(3;14)(q27;q32), variants 


BCL6*IGH, BCL6*V 


II 




Large-cell diffuse lymphoma 


t(ll;14)(ql3;q32) 


CCNDl'IGH 


II 




Anaplastic large-cell lymphoma 


t(2;5)(p23;q35), variants 


ALK-NPM1 


I 




Chronic malignarli lymphoid proliferation 










Lymphocytìc B celi lymphoma, chronic 


t(ll;14)(ql3;q32) 


CCNDl'IGH 


II 




lymphocytic leukemia 










Lvmphocvtìc B celi lymphoma. chronic 


m4:19Ma32:al3l 


IGH'BCL3 


II 





Lyiripriocy uc d celi lympnoiria, enrome 






TT 
11 




lynipiiocytic icuKcrriid 










LyiTipriocy uc d ceti lympnonid, enrome 


t/9-lZlVn1 'Vn'^ 


RPT 1 1 A *TPT4 


TT 
11 




iympn.ocytic leuKeniia 










Lymphocytic B celi lymphoma, chronic 


uei( ii)(qz.5. ij 


Al M 


T\7 
IV 




lymphocytic leukemia 










Lympnocytic d celi lympnoma, enrome 


aeni -5]^qi4j 


1JLLU, miK-ib-i & ìoa 


IV 




iy IlipilUCy L1C ILtlrLUIIlld 










x I uiy IIipilLfCy L1C 1 Itr tlA.tr II 11 d 


iiivy± 4 rjyq 1 1 1. 1 £. i 


TfRA/TfR n* TPT 1A 

1 tii\/V 1 tilv L/ 1 i_ U\ 


TT 
il 




ri Uiy IIipilL/Cy L1C 1 1U tlrLUIllld 


t/1 A-1 ZlVnl 1 -n79 1 


TfRA/TfR H* TPT 1A 


TT 
il 




Prnl\MTir\nrtnrfir' T loi lipomi o 
il Uiy lIipilLfCy L1C 1 lUtlrLUIllld 




TfRR* TPT 1 A 

l'-.i-.L' 1 t»LlA 


TT 
11 




Multiple myeloma 


t(ll;14)(ql3;q32) 


CCNDl'IGH 


II 




Multiple myeloma 


t(4;14)( P 16;q32) 


WHSC1-IGHG1 


II 




Multiple myeloma 


del(6)(q21) 




IV 






del(13)(ql4) 


DLEU, miR-16-l & 15a 


IV 




Acute myeioiu icuRemici, rnyeiouyspiusuc 










synaromc 










AML Mz 


t(8,21)(q22,q22) 


D T TX TV 1 D T TXTV 1 r T1 


1 




aml mj ana microgranuiar vanant 


t(lb,l/j(qzv,qll-lzj 


DXXT DADA 

rML-KAKA 




Keunoia Acia 


aml mj ^atypicaij 


t/1 1 -1 7\/n97-n1 9\ 


DT IV DADA 
rLZr -KAKA 




Keunoia a ci a 


AMI \AAVr\ 
r\vJÌL. IVl*xLO 


; nu /l £\/r*1 "*n99\ on 
ìnvylD^p iJCjZZj ou 


KuD t D -IVI Ioli 








HiD,iD^piJ,qzz 


L> 1 D -ivi i ni 1 






AMI X/T^a anH nthpr AMI 

/VIV1L. IVlJd di ILI ULIltrI /\IV11_ 


Hy,ii^pzz,qz-5j 


-'.1LL .vlLL 1 3 






AXAT XA^q ar»H rithor AX/T 

aml MDd ana otrier AML 


t/1 1 n9^*\A 


mll muiopie partii er s 










ìnciuaing ivill 






aculg iTiegaKaryouidsuc leuKeiiiid 


t/1 •99\/r»1'*-n1'*\ 


DRXA1 XAVT 1 
Jt\DMl_)-MrvL 1 






AML, MUl) 


lyj, jj^qz i,qzoj or vdiiants 


KrXN 1-L V 1 1 






AML, MDS 


t(3,5)(q25,q34) 


MLF1-NPM1 


! 




AML, MDS 


t(5;12)(q33;pl3) 


PDGFRB-ETV6 






AML, MDS 


-5/del(5q) 


RPS14 


IV 




AML, MDS 


t(6;9)(p23;q34) 


DEK-NUP214 


I 
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Table 1 (contmued) 


Disease 


Chromosomal 


Genes a 


Type 


Targeted 




abnormalities 






therapy 5 


AMI MD^ 

iu. VI J_> , IVI !_/._) 




HOYAQ-NT TPQ8 

il \_/yVx\_7 IN LJr _70 


T 
1 




AMI MDS 


— / ULl L1L!1^/L|^ 


in Linieri u Lio gt_n co 


TV 

1 V 




AMI MD^ 

JxlVl L, , IVI LJ >_> 


_i_Q 




TTf 
ni 
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AML, MDS 


t(12;13)(pl3;ql2.3) 


ETV6-CDX2 


! 




AML, MDS 


t(12;22)(pl3;ql3) 


ETV6-NM1 


I 




AML, MDS 


t(12;V)(pl3;V), del(12p) 


ETV6L-V 


I 




AML, MDS 


t(16;21)(pll;q22) 


FUS-ERG 


I 




AML, MDS 


del(20q) 




IV 




Tnexapy -induced leu Re mici 










/\iKyid Ling dgeni- dna 






TV 
1 V 




irradiation -induce d leukemia 










Alkylatìngagent- and 


-7 ou del(7q) 




IV 




irradiation-induced leukemia 










Anti topoisomerase 


t(llq23;V) 


MLL-V 


I 




II induced leukemia 










CVìrnnir mvelniri nmlifprntinvì 

\_ifif LrriiL f/tyciuiu ui uni cr ulilt i 










L^llIUlllL IIIyLIUlU IL LirwL lilla. lv-iIVll_J 
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T 
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Imahmih OnH oonoratinn TTc'T 
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RPR-ARI 1 

Uv-i I\ x\L)i_X 


T & TTT 

1 OC 111 


Tmatimih 9n H oipnpration T^T 

lilla mimi i Z11L1 cL 11L. 1 a LLLS11 irvi 


Polycytemia vera 


+9p 




III 




Polycytemia vera 


del(20q) 




IV 




MDS/MPD 


t(8;9(p21;p24) 


PCM1-JAK2 


I 




Chronic myelomonocytic leukemia 


t(5;12)(q33;pl3) 


PDGFRB-TEL 


I 


Imatinib 


5q- syndrome 


del(5q) 


RPS14 


IV 




a «*» - dysregulatìon gene, «-» = mean fusion gpne, V = rearrangement variants. Fot detaib see: http://atlasgeneticsoncology.org. 


b Targeted therapy against genes involved in genetic rearrangements. 








c miR-1204 and miR-1205 could also be dysregulated (Toujani et al., 2009). 









Table 2 — Selected examples of chromosomal rearrangements in 


soliti tumors. 






Disease 


Chromosomal 


Gene * 


Type 


l arge tea 
therapy 0 




re arra nge m en ts 






Breast cancer 


amp(l)(q32.1) 


IKBKE 


Illa 




Breast and various cancers 


amp(6)(q25.1) 


ESRl 


Illa 


Tamoxifen 


Breast cancer 


amp(17)(q21.1) 


ERBB2 (HER2) 


Illa 


Trastuzumab, Lapatinib 


Breast cancer 


amp(20)(ql2) 


NCOA3 


Illa 




Breast and various cancers 


t(12;15)(pl3;q25) 


ETV6-NTRK3 


I 




Colon cancer 


del(4)(ql2) 


REST 


IV 




Colon cancer 


del(5)(q21-q22) 


APC 


IV 




Hepatocellular carcinoma 


amp(ll)(ql3-q22) 


BIRC2 


Illa 




Hepatocellular carcinoma 


amp(ll)(ql3-q22) 


YAP1 


Illa 




Lune cancer 


amp(l)(p34.2) 


MYCL1 


Illa 




Lung cancer (non-small-cell) 


inv(2)(p22-p21p23) 


EML4-ALK 






Lung, head and neck cancers 


amp(3)(q26.3) 


DCUN1D1 


Illa 




Lung cancer (non-small-cell) 


amp(7)(pl2) 


EGFR 


Illa 


Cetuximab, Panitumumab, Gefitinib, Erlotìnib 


Lung cancer (non-small-cell) 


amp(14)(ql3) 


NKX2-1 


Illa 




Ovarian cancer 


amp(l)(q22) 


RAB25 


Illa 




Ovarian cancer 


amp(3)(q26.3) 


PIK3CA 


Illa 




Ovarian, breast cancers 


amp(ll)(ql3.5) 


EMSY 


Illa 




Ovarian, breast cancers 


amp(17)(q23.1) 


RPS6KB1 


Illa 




Prostate cancer 


amp(X)(ql2) 


AR 


Illa 




Prostate cancer 


del(21)(q22.3q22.3) 


TMPRSS2*ERG 


II 




Renai carcinoma papillary 


.+7q31 


MET 






Renai carcinoma papillary 


.+7q31 


MET 






Renai carcinoma papillary 


+17q 


? 






Renai carcinoma papillary 


.+17q 


? 






Renai carcinoma papillary 


t(X;l)(pll;p34) 


PSF-TFE3 






Renai carcinoma papillary 


t(X;l)(pll.2;q21.2) 


PRCC-TFE3 






Thyroid cancer follicular 


t(2;3)(ql2-ql4;p25) 


PAX8-PPARG 


l 




Thyroid cancer papillary 


inv(10)(qll.2qll.2) 


RET-NCOA4 


I 




Thyroid cancer papillary 


inv(10)(qll.2q21) 


RET-CCDC6 


l 




Ewing's sarcoma 


t(ll;22)(q24.1-q24.3;ql2.2) 


FLI1-EWSR1 


l 




Ewing's sarcoma 


t(21;22)(q22.3;ql2.2) 


ERG-EWSR1 


l 




Rhabdomyosarcoma (alveolar) 


t(l;13)(p36;ql4) 


PAX7-FKHR 


I 




Rhabdomyosarcoma (alveolar) 


t(l;13)(p36;ql4) 


PAX7-FKHR 






Rhabdomyosarcoma (alveolar) 


t(2;13)(q37;ql4) 


PAX3-FKHR 






Chondrosarcoma (extrasqueletìcal) 


t(9;17)(q22;qll) 


RBP56-CHN 













Chondrosarcoma (extrasqueletical) 


t(9;17)(q22;qll) 


RBP56-CHN 


I 


Chondnosarcomas (myxoid) 


t(9;22)(q22;ql2) 


EWS-CHN 


I 


Desmoplastic turno rs 


t(ll;22)(pl3;ql2) 


WT1-EWS 


I 


Clear celi sarcomas 


t(12;22)(ql3;ql2) 


ATF1-EWS 


I 


Liposarcomas 


t(12;16)(ql3;pll) 


CHOP-FUS 


I 


Liposarcomas (myxoid) 


t(12;lb)(ql3;pll) 


CHOP-FUS 


I 


Dermatofibrosarcomas protuberans 


t(17,22)(q22,ql3) 


C0L1A1-PDGFB 


I 


Alveolar soft part sarcomas 


der(17)t(X,17)(pll,q25) 


ASPSCR1-TFE3 


I 


Sy n o vi alos arco mas 


t(X;18)(pll.2;qll.2) 


SYT-SSX1/SSX2-SYT 


I 


Malignant melanoma 


amp( 3) (p 14. 2 — pl4. 1) 


MITF 


Illa 


Glioma 


amp(l)(q32) 


MDM4 


Illa 


Astrocytoma, gli obi as toma 


.+7 


? 


III 


Anaplastic oligodendroghoma 


del(19q) 


? 


IV 


anaplastic oligodendroglioma 


j „i //* \ 

del(lp) 


? 


IV 


Medulloblastoma 


amp(2)(p24.1) 


MYCN 


Illa 


Medulloblastoma 


del(6)(q23.1) 


WNT 


IV 


Medulloblastoma 


amp(8)(q24.2) 


MYC 


Illa 


Medulloblastoma 


del(9)(p21) 


CDKN2A/CDKN2B 


IV 


Medulloblastoma 


i(17q) 


p53 


III, IV 


Neuroblastoma 


amp(2)(p24.1) 


MYCN 


Illa 


Neuroblastoma 


amp(2)(p23.1) 


ALK 


Illa 


Neuroblastoma 


del(lp) 


? 


IV 


Renai -celi cancer 


dcl(3p26-p25) 


VHL 


IV 


Retinoblastoma 


del(13) (ql4.2) 


RB1 


IV 


Re ti nob las to ma 


amp(l)(q32) 


MDM4 


Illa 


Re ti nob las to ma 


del(13)(ql4) 


RB 




Testicular germ-cell tumor 


+12p 


? 


III 


Testicular germ-cell tumor 


+12p 


? 


III 


Wilms' tumor 


del(llp) 


WT1 


IV 






(continued on next page) 



Table 2 (contmued) 


Disease 


Chromosomal 


Gene a ' b 


Type Targeted 




rearrangements 




therapy 0 


Wilms' turno r 


del(X)(qll.l) 


FAM123B 


IV 


Vario us cancers 


+lq 


? 


III 


Vario us cancers 


+lq 


? 


III 


Vario us cancers 


del(3p) 


? 


IV 


Vario us cancers 


amp(5)(pl3) 


SKP2 


Illa 


Vario us cancers 


amp(5)(pl3) 


SKP2 


Illa 


Vario us cancers 


amp(6)(p22) 


E2F3 


Illa 


Vario us cancers 


del(6q) 


? 


IV 


Vario us cancers 


amp(7)(pl2) 


EGFR 


Illa Cetuximab, Panitumumab, Gefitinib, Erlotinib 


Vario us cancers 


amp(7)(q31) 


MET 


Illa 


Vario us cancers 


amp(8)(pll.2) 


FGFR1 


Illa 


Vario us cancers 


amp(8)(q24.2) 


MYC 


ma 


Vario us cancers 


del(9)(p21) 


CDKN2A/CDKN2B 


IV 


Vario us cancers 


del(10)(q23.3) 


PTEN 


IV 


Vario us cancers 


amp(ll)(ql3) 


CCND1 


II, Illa 


Vario us cancers 


del(ll)(q22-q23) 


ATM 


IV 


Various cancers 


del(llq) 


? 


IV 


Various cancers 


amp(12)(pl2.1) 


KRAS 


Illa 


Various cancers 


amp(12)(ql4.3) 


MDM2 


Illa 


Various cancers 


amp(12)(ql4) 


CDK4 


Illa 


Various cancers 


amp(12)(ql5) 


DYRK2 


Illa 


Various cancers 


amp(13)(q32) 


GPC5 


Illa 


Various cancers 


+17q 




III 


\/onnnc poppo t~c 
VdilUUb Ld.llLL.lb 




FRRR9 (UFTtO\ 

LJ\DDZ ^flL xvZ ) 


Illa 1 1 db LUZ. UlllaU, L,dJJcl LllllU 


Various cancers 


del(17)(pl3.1) 


TP53 


IV 


Various cancers 


del(17)(qll.2) 


NF1 


IV 


Various cancers 


amp(19)(ql2) 


CCNE1 


Illa 


Various cancers 


amp(20)(q!3) 


AURKA 


Illa 


a a «*» b dysregulation gene, 


«-» = mean fusion gene, V = rearrangement variants. For detaiìs see: http://atlasgeneticsoncoIogy.org 


b Often also mutateti. 








c Targeted therapy against genes involved in genetic rearrangements. 





At a glance 



• Chromosome aberrations are a characteristic feature of neoplasia, and acquired 
chromosome changes have now been reported in more than 50,000 cases acrossall 
main cancer types. 

• Recurrent balanced chromosome rearrangements, in particular translocati ons, are 
strongly associated with distinct tumour entities, and there is compelling evidence 
that they represent an initial event in oncogenesis. 

• Balanced chromosome abnormalities result in the formation of gene fusions and exert 
their tumorigenic action by two alternative mechanisms: overexpression of a gene in 
one of the breakpoints or the creation of a hybrid gene through the f usion of two 
genes, one in each breakpoint. 

• A total of 358 gene fusions, involving 3 37 different genes, are known at present and 
have been described in ali the main subtypes of human neoplasia. 

• The prevalence of gene fusions varies considerably, from 0-100%, among different 
tumour types. Among malignant disorders, the proportions of gene fusion-positive 
cases are similar in haematological disorders, sarcomas and carcinomas. 



• A number of conceptually important questions remain to be answered: why, how and 
when do chromosome aberrations originate? Are the resulti ng gene fusions sufficient 
fortumorigenesis, and if not, what is the pathogenetic relationship between these 
gene rearrangements and the other genetic and epigenetic alterations that 
characterize neoplastic cells? 



